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Abstract

Recent advances in olefin metathesis studies include the preparation of catalysts “in situ,” supported catalysts, and tungsten-based cata-
lysts, and observation of molybdacyclobutane complexes, molybdacyclopentane complexes, base-free methylene complexes, and ethylene
complexes such as Mi{2,6-ChCgH3)(CH,=CH,)[rac-Biphen](E£O).
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1. Introduction carbene could be detected under certain circumstances, but
other products (e.g., cyclopropanes) were also observed, and

In the last 15 years metal-catalyzed olefin metathesis hasmetathesis products were formed only in substoichiometric
had a significant impact on polymer chemisfty8] and or-  quantities. Katz and co-workef&1-27] showed that cer-
ganic synthesif9-16]. This can be attributed in large partto  tain strained cyclic olefins are polymerized slowly to give
the development of “well-characterized” or “well-defined” the polymers expected from ring-opening metathesis poly-
catalysts based on Mo, W, or Ru. A “well-defined” catalyst merization (ROMP) when the polymerization is initiated by
is one that is: (i) essentially identical to or resembles the (COxW=CPh or even (CO3W=CPh(OMe). These investi-
active species in terms of metal oxidation state and ligand gations (along with many othefs,6]) collectively provided
coordination sphere; (i) stable enough to be characterizedevidence that metal carbenes are involved in olefin metathe-
through spectroscopic means and X-ray analysis; and (iii) sis reactions. However, the catalytic ROMP reactions were
reacting with some olefin to yield a persistent new alkyli- not conclusive. In spite of the fact that theitial carbene
dene Complex derived from that olefin. Compounds that are Comp|exes were well-characterized, no propagating metal
well-characterized, and that under some conditions will cat- carbene was detected and, therefore, it cannot be concluded
alyze the metathesis of olefins (or carry out some other that the pentacarbonyl carbene species are responsible for
alkylidene-based reaction), but that have not been proven tothe catalytic reaction. Since no endgroup was identified in
be essentially identical to the active species for the metathe-the po|ymer, the nature of the |n|t|at|ng carbene fragment
sis reaction, are not well-defined catalysts. They are catalystjs also in doubt. Moreover, Casey subsequently reported in
precursors, or “precatalysts”. 1979 that (COYW=CHPh decomposes aboves0°C and

One type of catalyst precursor that played a role in stud- does not yield metathesis products upon reaction with olefins
ies concerned with the mechanism of olefin metathesis are[28]. Therefore, it seems unlikely that Fischer-type W(0)
low oxidation state tungsten carbene complexes. For exam-complexes can be propagating species in ROMP reactions in
ple, Casey synthesized (CJy=CPh and showed that it  which some catalytic metathesis activity is observed. Almost
reacts with certain olefins in a manner consistent with the certainly a small amount of a high oxidation state alkyli-
metallacyclobutane mechanidi’—20} The expected new  dene complex (probably an oxo complex) is formed upon
decomposition of the Fischer-type carbene complex, and it
is the high oxidation state species that is responsible for the
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Tantalum played a crucial role in understanding how to yield a 16-electron species. Nevertheless, it was found
effective well-defined W and Mo catalysts might be de- that W(O)(CH#-Bu)ClL2> would metathesize terminal and
signed that mimic “classical” metathesis catalysts based oninternal olefins very slowly. However, the rate of metathesis
W and Mo|[5,6]. An attempt to synthesize Ta(GH-Bu)s was accelerated dramatically in the presence of a trace of
led to formation of Ta(CH-Bu)(CH;-t-Bu)s (Eg. (1), the AICI 3 [35]. It was in this context that (PERCI,W(O)(CHp)
first example of a stable MCHR complex, through an in- and new alkylidenes that contaif protons, such as

tramolecular decomposition of intermediate Tag@+Bu)s (PEB)2CI>,W(O)(CHEL), were observed for the first time
[29]. Ta(CH+-Bu)(CHp-t-Bu)z is unusually robust ther-  [34]. (A small amount of [(PEf)2CIW(O)(CH+-Bu)][AICI 4]
mally, melting at~70°C and distilling in vacuo. is believed to be responsible for the metathesis of olefins
‘ by (PEg),Cl,W(O)(CH+-Bu) in the presence of a trace
2 LICH,CMes CBuCH H of AICI3). On the basis of these data, the metal oxida-
Ta(CHCMe)sCly  ———> L—BuCHq\‘yTa:C tion state that is required for efficient metathesis activity
-2 LiCl - CMey t-BuCH? CMes was proposed to be W(VI), counting the alkylidene as a

dianionic ligand. Although tungsten catalysts that do not
Q) . . . . "

contain a second multiply bound ligand in addition to the
Its robust nature is an excellent example of the degreealkylidene were disclosed a short time later by Osborn
to which four bulky covalently bound ligands can stabi- and coworkerg38—42] and some time later by Basset and
lize even an electronically unsaturated species (here a 10coworkers[43,44] the compatibility of a multiply bound
electron species) toward bimolecular decomposition. This ligand with an alkylidene set the stage for the development
compound is sensitive to oxygen, water, and a variety of of four-coordinate, fully active, imido alkylidene complexes
functionalities, among them ketones and aldehydes, with of tungsten and molybdenum.

which it reacts to yield polymerict{BuCH)3Ta=O and There is a close connection between the development
the expected olefifid0]. The importance of this discovery of the first well-defined (tungsten) catalysts for alkene
to metathesis was not recognized until 5 years |§3&i metathesis and the discovery of alkylidyne complexes of the

when it was shown that while €{PMe3),Ta=CH-t-Bu type (dimethoxyethane)@lV=C-t-Bu and alkyne metathe-
[32] would react with terminal olefins to yield four prod- sis catalysts of the type (ORNV=C-t-Bu. The trialkox-
ucts of rearrangement of a metallacyclobutane species,ide compounds (buhot the trichloride compounds) were
Cl(t-BuO)(PMe3),Ta=CH-t-Bu would react with styrene  found to be highly active for alkyne metathesis and were
to produce Cl(t-BuOQ)PMe3),Ta=CHPh, and would initi- the first well-defined catalysts for this reactijh5-50]
ate the slow metathesis afs-2-pentene £35 turnovers) The expected intermediate alkylidynes or tungstacyclobu-
[33,34] This finding established thaf dilkylidene species  tadiene species could be observed in alkyne metathesis
were responsible for olefin metathesis and drew attention reactions when bulky electron-withdrawing alkoxides were
to the utility of alkoxide ligands in promoting metathe- present, and were isolated and characterized. These studies
sis. Unfortunately, however, the ethylidene and propyli- confirmed that alkoxide ligands promote metathesis-like
dene intermediates that were formed in the metathesis ofreactions, while chlorides encourage side reactions that
cis-2-pentene, apparently rearranged readily to give ethy- destroy the alkylidyng51]. On the basis of these studies
lene and propylene, respectively, and therefore could not beit was suggested that the most successful W-based olefin
observed. metathesis catalyst might be a pseudotetrahedral species
At that time it also was reported that an attempt to pre- that contains sterically demanding alkoxide ligands. Appli-
pare (-BuO)W=CH-t-Bu in the reaction shown ikq. (2) cation of alkyne metathesis to organic synthesis is enjoying

led instead to the oxo alkylidene (REtCl,W(O)(CH-t-Bu) increased attention today as a consequence of the develop-
quantitatively, the first ¥ alkylidene of tungsten to be re- ment of oxidation state W and Mo catalysts analogous to
ported[35,36] Since the electron count of those described aboyg2-59]
t—Bu\ H H_ t-Bu
C|/ C|) - Ta(O-t-Bu)5Cl ﬁ oL
Clis, wCl
0 L tBuOmweoWenmO-t-Bu CH—W—7=0
Sl | Ny tBu0”” NO.i-Bu v |
L Cl
L = a phosphine W=C = 2.01A; W=0 = 170 A
3C, =319ppm; Joy = 121 Hz 2)

the metal in W(O)(CH-Bu)ClL is 18 (assuming a pseudo Complexes bearing N-2,6Pr,CgHz (NAr) imido lig-

triple bond is formed between the metal and the oxo lig- ands were targeted in order to maximize steric protection
and) [37], it did not seem likely that it could react with at the metal center by the imido group and limit the abil-
an olefin unless a phosphine or a chloride ligand were lostity of the imido ligand to bridge between metal centers.
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An attractive strategy for the synthesis of W(NAr)(CH- treatment with three equivalents of triflic acid gives 18-
t-Bu)(OR) species involved alkylidyne complexes. An electron Mo(NAr)(CHCMeR)(OTf)2(dme) Eq. (4). In the

amido alkylidyne complex, W(NHAr)(G-Bu)Cly(dme), presence of various alkoxide or aryloxide salts (Li, Na, or
was prepared by treating W(EBu)Clz(dme) with TM- K), including even relatively weak

SNHAr. Upon treatment with a catalytic amount ofs B

W(NHAr)(C-t-Bu)Clx(dme) was transformed quantitatively 2 T(OH Me oy

into W(NAr)(CH—thu)C;Iz(dme) Eqg. (3) [60]. Repla_ce— RMe,CCHyn., 0//1‘““ ) E()\M|O/NAr

meqt of the chlorides in W(NAr)(CH-BuU)Clx(dme) with RMe,CCH#” NN A ANHLOT! 07" | SCHCMeR
sterically bulky alkoxides (ORO-t-Bu, OCMe(CFg), +dme ML OTE
OCMe(CHR)3z, O-2,6i-ProCgHs, etc.) allowed W(NAr)(CH- R = Me or Ph - RCMey

t-Bu)(OR), species to be isolated. These should be consid-
ered 14-electron complexes, since the imido ligand donates
its electron pair to the metal to form a pseudo triple bond.
Dimethoxyethane, which binds to the metal only as a nucleophiles such as LIOCMe(@)z, Mo(NAr)(CHCMe&R)
chelating ligand, does not remain bound to the metal in the (OTf)2(dme) is then converted into Mo alkylidenes Mo(NAr)
crowded bis(alkoxide) species for steric reasons. The fact(CHCMe&R)(OR); [63]. These Mo-based bis(alkoxy)aryli-
that all four ligands in W(NAr)(CH-Bu)(OR), are steri- mido alkylidenes are stable as long as the alkoxide
cally demanding and covalently attached to the metal centerligand has sufficient steric bulk to prevent bimolecular
accounts for the compounds’ stabilities toward bimolecular decomposition. Lists of stable Mo-based compounds of
decomposition. These catalysts were first reported in 1986this type that have been isolated can be found in re-
[61]. view articles [15,64,65] Enantiomerically pure imido
alkylidene complexes that contain a biphenolate or bi-
Ar_ H A|r naphtholate ligand were first reported in 19(#], and
Mg, | ol Et;N catalyst N have formed the basis for the development of catalysts

Me_ || wCLt-Bu . . . . .
O—W=C-t-Bu . O—W— for asymmetric olefin metathesis reactions since then

@ N €| C\H [15,16]

M O, An extremely important feature of imido alkylidene com-
e Me

(4)

plexes (and probably many other types 8M=CHR com-
3) plexes) is that the alkylidene can exist in two stereoisomeric
forms. As shown inEg. (5) one isomer is theyn alkyli-
Molybdenum-based catalysts of a type analogous to thedene, where the substituent points toward the imido ligand.
tungsten imido alkylidene catalysts were reported in 1987 The other is thanti alkylidene, where the substituent points
away from the imido

7 o«

N PR Kay N R’
RO, / as) ROw,,,. /
RO™ N\ - RO®™ N\\
(]?—H Kgja ?—t-Bu
t-Bu H
anti syn (usually favored)
(favored for smaller OR, larger NR) (favored for larger OR, smaller NR)
SH,=13-14 ppm 8Hy=11-13 ppm (5)

nitrogen. Studies concerning the structural and reactivity dif-
ferences ofsyn and anti alkylidenes of Mo (largely) and
[62]. However, in order to be practical, an alternative W, and the equilibrium between them, have led to a num-
synthesis was require63]. Toward this end, it was ber of important mechanistic insights into olefin metathesis
established that Mo(NAsJdme)Ch can be prepared [15,65] Although this is a topic of continuing investiga-
in large quantities from N#MoO4, two equivalents of  tion it can be stated simply that although tha isomer is
ArNH,, eight equivalents of MgSICl, and four equiva-  usually the one that is observed in the solid state and that
lents of triethylamine in dimethoxyethane. Alkylation of predominates in solution, thanti isomer is accessible by
Mo(NAr)2(dme)Ch with neopentyl or neophyl Grignard rotation about the MC bond by 180. The rate of rotation
reagents affords Mo(NAs{CH.CMexR)2, which upon depends heavily upon the nature of the imido and alkoxide
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ligands, and can vary by many orders of magnitude, from sometimes mixtures afyn andanti isomers. The latter fact,
“slow” (10~°s~1) to “fast” (100s 1) at room temperature. in addition to the fact that THF may bind strongly to one
The reactivities of the two isomers also can vary by many isomer (usuallyanti) and not the other, make crystallization
orders of magnitude, although measuring relative reactivi- of catalysts difficult. Nevertheless, several crystal structures
ties in the case where the interconversion of isomers is fasthave been determined in X-ray studies. Two of the most re-
has been a significant challenge. cent are Mol-2,6-ChCgH3)(CH-t-Bu)(Biphen)(THF)[69]
Many mechanistic investigations of imido alkylidene cat- and Mo(NAdamantyl)(CHCMgPh)(Biphen)[70]. THF is
alysts have included modes of decomposition of catalysts.found in the former, in spite of the presence of the ster-
Two primary modes of decomposition have been proposed:ically demanding Biphen ligand, because of the smaller
(i) rearrangement of metallacyclobutanes to olefins; and steric demand and greater electron withdrawing ability of
(ii) bimolecular decomposition of (most rapidly) methylene the N-2,6-ChCgH3 ligand. The Mo—C-C angle in each is
complexes[64,67] Coupling of methylenes was demon- 150, which is characteristic of syn isomer in which there
strated most convincingly for 18-electron £{8Hs)Ta=CH, is a significanta agostic interaction of the alkylidene’s
early in the development of high oxidation state alkylidene CH, electrons with the metal. Interestingly, the tempera-
chemistry [68]. It is believed that an ethylene complex ture dependence of thgn/anti equilibrium constant for
is formed via an intermediate that contains two bridging adamantylimido complef’0] differs dramatically from that
methyleneg67]. for an arylimido complex. Typically for an arylimido com-
plex such as Mo(NAr)(CHCMgPh)(Biphen) the amount of
syn isomer decreases as the temperature increases, a pro-
2. Recent studies cess that is controlled largely by the negative valueAbt
(—2.45kcal mot!) and the small value foAS (—2.65e.u.)
In the last several years we have been concerned largelyin toluene. In contrast, for Mo(NAd)(CHCM@h)(Biphen)
with imido alkylidene complexes of molybdenum that con- the amount ofsyn isomer Keq ~ 200 at 22°C) increases
tain chiral biphenolates or binaphtholates and with their ef- as the temperature increases, a process that is controlled
ficacy in asymmetric olefin metathesis reactiis,16] In largely by the relativeljlarge and positive value for AS
addition to 2,6-diisopropylphenylimido and 2,6-dimethyl- (18.03e.u.), which causes th& ASterm to become signif-
phenylimido catalysts, routes to 2,6-dichlorophenylimido icantly larger in absolute value thakH (2.30 kcal mot?)
[69] and 1-adamantylimid§70] catalysts have been per- near room temperature. Tiggn isomer is favored in both
fected. Successful catalysts that have been developed consystems at room temperature, the former for enthalpic rea-
tain chiral biphenolates and binaphtholates which are sub-sons, the latter for entropic reasons. Therefore, one might
stituted with a bulky alkyl group in the 3 and Bositions; expect dramatically different temperature effects on enan-
catalysts that contain an unsubstituted binaphtholate havetioselectivity for these two species. (This subject that has
never been isolated. The most sterically demanding diolatenot yet been investigated in any systematic manner.) The
appears to be a biphenolate substituted witlityl groups Mo(NAd)(CHCMePh)(Biphen) catalyst has been found to
in the 3 and 3positions; less sterically demanding are bi- yield enantioselectivities that in some cases differ dramat-
naphtholates or hydrogenated binaphtholates that containically from those offered by any arylimido catalyst. The
2,4,6-triisopropylphenyl, mesityl, or benzhydryl groups in reasons are not yet understood.
the 3 and 3 positions. More sterically open catalysts are ~ The imido groups and diolates that are employed rela-
often isolated as solvent (THF) adducts. They also are tively routinely in molybdenum imido alkylidene catalysts

t-Bu TRIP Mes
Me i-Pr : ) I ) o~ Mo O/ Mo
Mo

Ar' Ar Biphen TripBino MesBino
t-Bu Mes CHPh,
Cl : : :
Mo CHPh,
Argy Ad Bitet MesBitet BenzBitet

Fig. 1. Imido groups and diolates that are commonly employed to make Mo-based catalysts for enantioselective metathesis reactions.
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are shown inFig. 1 Not all 24 combinations have been substituted metallacycle formed when ethylene is generated
prepared, and others are knofib]. No “magic catalyst” during the reaction are unstable in the long run with respect
has been discovered that will achieve high activity and to rearrangement to yield reduced metal complexes. When
enantioselectivity in all circumstances, and it seems highly no methylene complex is generated during the metathesis
unlikely that any will be discovered. Instead, a catalyst must reaction, as in the reaction shownku. (7) then the reac-

be matched with the desired reaction. The modular nature oftion using the supported catalyst is as efficient as that using
the catalysts, therefore, is a significant advantage in terms ofthe catalyst in solution.

OCH,Ph CH,Ph

3 mol % cat
+ Styrene —_— >
X benzene, RT, 30 m Ph N

Supported 98% ce, >99% conv, 92% yield
Isolated >99% ee, >99% conv

accomplishing a large variety of enantioselective reactions. \ve pecame interested in whether tungsten-based chiral
Why a given catalyst works for a given type of reaction is ¢atalysts could be developed and how they might differ
still a subject of current investigation. Catalysts have been fom their molybdenum-based analogs. Two tungsten-based
employed at a level as low as 1%. Temperature and SO"cataIysts, WI-2,64-Pr,CsHs)(CHCMe:Ph)(Biphen) and

vent effects on enantioselectivity can be dramatic. Catalyst\y N 2,6-Me,CsH3)(CHCMe;Ph)(Biphen), were recently
decomposition, especially of intermediate methylene com- prepared and examined as enantioselective catay&ls

plexes (if ethylene can be gengrated during areaction), takesThey were found to be comparable to the Mo analogs in
place over the course of a typical reaction. terms of enantioselectivity, although a higher temperature
In connection with the dev_elopment of recov_erable (~75°C) was necessary in order to obtain roughly the same
and recyclable .c_atalysts, and in the hope that bimolec- rate, in spite of what is likely to be a higher rate of the
ular decomposition of methylene complexes can be fyndamental reaction between a tungsten alkylidene and
slowed or prevented, catalysts have been prepared thahy glefin, The reason for the lower rates is that tungstacy-
are linked chemically to a polystyrene backbdia]. A clobutane complexes can form and are relatively stable with
polymerizable Biphen derivative was prepared and poly- regpect to dissociation to yield an alkylidene compared to
m.er|zed with styrene and divinyl b_enzene. Depr_otectlon molybdacyclobutane complexes. For example, two interme-
with BBrs followed by deprotonation and addition of iate tungstacyclobutane complexes can be observed upon
Mo(NAr)(CHCMe;Ph)(OTfp(dme) then produced the SUp-  4ttempting to ring close the substrate showiEin (8) The
ported catalyst shown iq. (6) A relatively low percent  gecond tungstacycle rearranged to yield a third relatively
cross-linking ¢-5%) was found stable tungstacycle whose structure is showRiin 2 The

e

-
OMOM 0 \\C _CMe,Ph
O |
t-Bu H
.
R =i-Pr, Cl (6)

to be necessary in order to retain good activity, although in

general activity was lower than observed for the analogous stability of this tungstacycle prevents rapid turnover at room

W R 5
x | R

. . . . ()(‘{ - | —_— é).\.--.w
tively flexible nature of the lightly cross-linked polystyrene < 40°C d)(?v ( .Co \?%
and as a consequence of the relatively high concentration R=CMe,Ph f o

of supported methylenes within the polymer compared to
a typical concentration in solution. The second reason is
probably because metallacyclobutane species such as the un- (8)

homogeneous catalyst. However, the %ee in a typical enan_temperature.
tioselective reaction was as high as the %ee for the analo-
gous soluble catalyst. Unfortunately, however, the catalysts M
were found to be not as long-lived as had been hoped for %l\r 01 Ar
two reasons. The rate of decomposition of methylene species  y ~ '|‘f IL

ar : ; Il - AR I
probably still is relatively high as a consequence of the rela- / N

)°C
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Fig. 2. The final product of the W-catalyzed reaction showrkdq (8)

The fact that methylene complexes and unsubstituted ‘
metallacyclobutane complexes can form from ethylene that
is generated in a metathesis reaction prompted an investi-  Fig. 3. X-ray structure of Mo(NAg)(Bitet)(CH=CHz)(Et20).
gation into the nature of the reactions between the initial
neopentylidene or neophylidene complexes and ethy|ene.the basis of the unusually high field chemical shift of
The ethylene wa%*C-labeled for convenience and reactions the methylene carbon atom, but primarily on the ba-
were followed largely by*3C NMR methods. Not surpris- ~ Sis of coupling of that carbon tdwo tungsten centers
ingly, in the WQN-2,64-PrnCgsH3)(CHCMePh)(Biphen) (Jew=36.7 and 78.9Hz). Since a similar dimer was not
system, an unsubstituted tungstenacyclobutane complexobserved when the starting W(NAr)(CHChRh)(Biphen)
(TBP at—80°C) was observed to form in high yiel&¢. (9) complex was enantiomerically pure, it was concluded
[72]. Between—80°C and room temperature a mixture of that the dimer contained the two enantiomeric forms of
TBP and SP species was observed. The two types started ténonomeric W(NAr)(CH)(Biphen). It was also observed
interconvert rapidly on the NMR time scale at abew0°C that tungstacyclopentane complexes were formed when
in a process that did not involve free ethylene, presumably ethylene added to W(NAr)(C¥CH)(Biphen), and that
through a five-coordinate rearrangement process. The for-these  W(NAr)(CHCH,CH,CHy)(Biphen) species would
mation of TBP and SP metallacyclobutane complexes andslowly dimerize ethylene to 1-butene, a type of dimer-

interconversion of them is well know in the literatUe]. ization that was first documented for tantalacyclopentane
iAr’ /I\r' Aryl
N +28C,H, N 1\|1
Il I )
wW R —_— O_W"'\ /1., —_— W
VAl . o o
<o Aﬂ© b &
7
R = CMe,Ph TRP SP
Ar' = 2,6-M82 C()H? (9)

Two new species were observed when only 1-1.5 complexes[73]. The ethylene complex could arise ei-
equivalents of ethylene were added to racemic W(NAr) ther through bimolecular decomposition of a methylene
(CHCMePh)(Biphen), an ethylene complex, W(NAr)(@H complex or through rearrangement of the unsubstituted
CHy)(Biphen), and what appeared to be a dimeric methy- tungstacyclobutane complex in the presence of ethy-
lene complex, [W(NAr)(CH)(Biphen)p (§C, = 186 ppm). lene to give propylene, which was observed in some
The dimeric nature of the latter was established on cases.
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Similar observations were made in molybdenum bi-
naphtholate systemgr4] with the following exceptions.
No dimeric methylene complexes, ethylene complexes, or
molybdacyclopentane complexes were observed.

Reactions between Mo(NAr)(CHCMEh)(Biphen),
Mo(NAr¢)(CHCMePh)(Biphen), Mo(NAd)(CHCMgPh)
(Biphen), or Mo(NAg))(CHCMePh)(BenzBitet) and ethy-
lene produced relatively stable ethylene complexes, one
of which, W(NArc)(CH2CHy)(Biphen)(ether), could be
isolated Fig. 3. In it the ethylene’s C-C axis is oriented
perpendicular to the MeN axis and the €C bond length
was found to be 1.400(13) A. At high ethylene concentra-
tions the ethylene complexes were found to be in chemically
rapid equilibrium with molybdacyclopentane complexes.
When only one equivalent ot3C-labeled ethylene was
added to Mo(NAr)(CHCMgPh)(Biphen),

(11)

The possibility of selective cross metathelsis—77] be-
tween a variety of terminal olefins was explored with the
hexafluorot-butoxide and chiral catalysts shown ig. 4
[78]. Although no selective cross metatheses stood out, an
unusual reaction was discovered in experiments that em-
ployed CH=CHSnB. Essentially no cross metathesis was
observed between GRCHSnBy and 1-hexene, although

+*CH,=CH,

_—

(one diastereomer) (10)

the complexes shown ikq. (10) were observed, the last homometathesis products of 1-hexene (5-decenes) were ob-
in only trace quantitiessC, = 2535ppm,sH, = 11.33 served. However, CH#+CHSNnBWy was consumed to yield a
(JcH = 134Hz) and 11.13 ppmJEey = 163 Hz)). This is mixture of CHh=CHCH,SnBuw, BusSnCH-CHCH,SnBu,

the first time that a base-free methylene complex has beenand BuSnCHCH=CHCH,SnBw. The first two of these
observed in solution, although understandably in low con- products are unusual in that they contain an odd number
centration relative to other species. With time it decomposed of carbons; the last is a homocoupling product of the first.
to yield the ethylene complex and other unknown products. We found that it was possible to use an ethylene complex
Complexes that contain NAd/Biphen and NABenzBitet as a catalyst, as shown iqg. (12) NMR studies revealed
combinations were found to yield similar mixtures. Finally, that Mo(NAr)(CH,=CHSnB)(Biphen) was formed readily

it was possible to observe the formation of molybdacy- from Mo(NAr)(CH,=CH,)(Biphen). On the basis of stud-
clopentane complexes in equilibrium with the ethylene ies involving tantalacyclopentane complexes to be described
complex Eqg. (11) at high concentrations of ethylene below, we speculate that the allyltin product is formed via
(>20 equivalent). The fact that W(VI) tungstacyclopentane the “ring-contraction” mechanism shown kyq. (13) Beta
complexes are formed more readily than Mo(VI) molybda- hydride elimination (and readdition) in the mixed molybda-
cyclopentane complexes can be understood in terms of thecyclopentane takes place selectively at the posifido tin
greater ease of oxidation of W versus Mo. and Mo, but once the
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< C
o<
O/M // O\ //N
CHCMe,Ph oMoy
O CHCMezPh O CHCMe,Ph
t-Bu t-Bu
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Fig. 4. Catalysts explored for cross-metathesis.
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Fig. 5. Mechanism of dimerization of propylene by tantalum catalysts.

a substituent becomes a carbon atom, then rearrangement
is slow with respect to metathesis to give the methylene
complex. At this stage it is not known whether the methy-
catalyst lene complex reacts with GHCHSnBw to give more
CH,=CHCH,SnB; via rearrangement of ase-substituted
molybdacyclobutane, or whether the methylene species
decomposes to yield Mo(NAr)(CHCHy)(Biphen). If the
system contains a deficiency of ethylene, then the molyb-
SRy SR+ Rt SN S0k dacyclopentane shown iEq. (14) forms and gives rise
to BusSNnCH-CHCH,SnBW; in a similar ring-contraction
(12) mechanism. Although these results are preliminary, it
seems almost certain that the odd carbon products are

8
N/t

excess ethylene

\
1
A&\
1
\
,

(13)
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formed in ring-contractions that are “interrupted” with a The issues we have addressed most recently concern
metathesis step. the production and decomposition of methylene complexes

N SnR; - R;Sn SnR,
R | \/\/ n \\( Il
d S0 S

@

The ring-contraction mechanism was first proposed in (which are unstable toward bimolecular decomposition as
1979[79-81]in order to account for the deuterium labeling a consequence of the small size of the methylene ligand),
found in olefin dimers formed catalytically from tantalacy- the preparation of tungsten catalysts, and the nature of the
clopentane complexef&ig. 5. Bergman proposed a similar  ultimate decomposition product or products in the presence

fan
1

SnR,

ar

(14)

ring-contraction in 1985 for the result showriqg. (15) [82] of ethylene. Most interestingly, we have found hints that
Therefore, one might expect ring-contraction to be seen for d> metal complexes (e.g., Mo(IV) and W(IV)) may not be
Mo or W complexes in the right circumstances. dead ends in all circumstances, i.e., alkylidenes may be

Me

Me
PR;
Cp*(CO)gR<:| » Cp*(CO),R —» Cp*(CO):Re(PR3) + A
(15)

The most unusual feature of the Mo-catalyzed ring- regenerated from them. Whether or not metathesis of ordi-
contraction is that a high oxidation state methylene complex nary olefins can be initiated by the olefins themselves in a
is formed from a Mo(lV) complex. In theory, therefore, well-defined catalyst system remains to be seen.
it may be possible to generate metathesis catalysts from A question that often arises is whether olefin metathesis
reduced metal complexes in this fashion. In fact, this possi- catalysts can be developed that are fopiecies containing
bility was recognized in the 1979 tantalum paper, Vike Mo, W, or Re, or that are not “Ru(ll)” species of the type
MC4 to MC;3 ring contraction is a straightforward and rea- first prepared by Trnka and Grubf&3]. Of course there is
sonable way of forming an alkylidene ligand from olefins always a possibility that other types of catalysts eventually

. when no alkylating agent is present.” The details of this will be prepared, although in view of the effort required
unusual reaction remain to be worked out, but at this stageto develop the known well-defined catalysts, it is difficult
there is no competitive mechanism in the offing. We are also to concede at this point in time that some opportunity has
curious whether other vinyl compounds (e.g., Si) behave been overlooked. However, further refinements of known
similarly, whether ordinary olefins can be homologated by systems still present many opportunities to which we can
certain metals in this manner, and whether tungsten is alook forward in the future.
more effective catalyst for such reactions than molybdenum.

Acknowledgements
3. Conclusions and future outlook
The author is grateful to the NSF and the NIH for gener-

The journey from a new high oxidation state Ta alkyli- ously funding programs in olefin metathesis. Recent support
dene complex to well-defined W and Mo imido alkylidene has been provided by NIH Grant GM-59426 and NSF Grant
catalysts for the metathesis of olefins required approxi- CHE-9988766.
mately 15 years. A crucial finding was that bulky alkoxide
ligands slow the rearrangement of tantalacyclobutane rings
to olefins and promote olefin metathesis. Bulky alkoxide References
ligands, especially electron-withdrawing ones, also were
found to promote acetylene metathesis reactions catalyzed [1] B.M. Novak, W. Risse, R.H. Grubbs, Adv. Polym. Sci. 102 (1992)
by high oxidation state W or Mo alkylidyne complexes. 47.
Throughout this journey, however, the principle of prevent- [2] R.R. Schrock_, in: D.J. Brunelle (Ed.), Ring-Opening Polymerization,
. . L . . . Hanser, Munich, 1993, pp. 129.
|_ng bimolecular decomposmon Wl_th ste_rlca_lly demandlng [3] R.R. Schrock, in: Metathesis Polymerization of Olefins and Poly-
ligands covalently bound to the high oxidation state metal merization of Alkynes, Kluwer, 1998, pp. 1, 357.
has been the guiding light. [4] M.R. Buchmeiser, Chem. Rev. 100 (2000) 1565.



30

[5] K.J. Ivin, Olefin Metathesis, Academic, New York, 1983.

[6] K.J. Ivin, J.C. Mol, Olefin Metathesis and Metathesis Polymerization,
Academic Press, San Diego, 1997.

[7] T. Masuda, H. Tachimori, J. Macromol. Sci. Pure Appl. Chem. A34
(1997) 1977.

[8] S.-K. Choi, Y.-S. Gal, S.-H. Jin, H.K. Kim, Chem. Rev. 100 (2000)
1645.

[9] R.H. Grubbs, S. Chang, Tetrahedron 54 (1998) 4413.

[10] A. Furstner, in: A. Furstner (Ed.), Topics in Organometallic Chem-
istry; Alkene Metathesis in Organic Synthesis, vol. 1, Springer,
Berlin, 1998, pp. 37.

[11] A.J. Phillips, A.D. Abell, Aldrich Chim. Acta 32 (1999) 75.

[12] D.L. Wright, Curr. Org. Chem. 3 (1999) 211.

[13] A. Furstner, Angew. Chem. Int. Ed. 39 (2000) 3012.

[14] M. Schuster, S. Blechert, Angew. Chem. Int. Ed. 36 (1997) 2036.

[15] R.R. Schrock, A.H. ldveyda, Angew. Chem. Int. Ed. 42 (2003) 4592.

[16] A.H. Hoveyda, R.R. Schrock, Chem. Eur. J. 7 (2001) 945.

[17] C.P. Casey, T.J. Burkhardt, J. Am. Chem. Soc. 95 (1973) 5833.

[18] C.P. Casey, T.J. Burkhardt, J. Am. Chem. Soc. 96 (1974) 7808.

[19] C.P. Casey, H.E. Tuinstra, M.C. Saemen, J. Am. Chem. Soc. 98
(1976) 7808.

[20] C.P. Casey, T.J. Burkhardt, C.A. Bunnell, J.C. Calabrese, J. Am.
Chem. Soc. 99 (1977) 2127.

[21] T.J. Katz, J. McGinnis, J. Am. Chem. Soc. 97 (1975) 1592.

[22] T.J. Katz, S.J. Lee, N. Acton, Tetrahedron Lett. (1976) 4247.

[23] T.J. Katz, R. Rothchild, J. Am. Chem. Soc. 98 (1976) 2519.

[24] T.J. Katz, N. Acton, Tetrahedron Lett. (1976) 4251.

[25] T.J. Katz, J. McGinnis, C. Altus, J. Am. Chem. Soc. 98 (1976) 606.

[26] T.J. Katz, Adv. Organomet. Chem. 16 (1977) 283.

[27] T.J. Katz, J. McGinnis, J. Am. Chem. Soc. 99 (1977) 1903.

[28] C.P. Casey, S.W. Polichnowski, A.J. Shusterman, C.R. Jones, J. Am.
Chem. Soc. 101 (1979) 7282.

[29] R.R. Schrock, J. Am. Chem. Soc. 96 (1974) 6796.

[30] R.R. Schrock, J. Am. Chem. Soc. 98 (1976) 5399.

[31] Reported at ISOM llI, Lyon, 1979.

[32] G.A. Rupprecht, L.W. Messerle, J.D. Fellmann, R.R. Schrock, J.
Am. Chem. Soc. 102 (1980) 6236.

[33] S.M. Rocklage, J.D. Fellmann, G.A. Rupprecht, L.W. Messerle, R.R.
Schrock, J. Am. Chem. Soc. 103 (1981) 1440.

[34] R.R. Schrock, S.M. Rocklage, J.H. Wengrovius, G. Rupprecht, J.
Fellmann, J. Mol. Catal. 8 (1980) 73.

[35] J.H. Wengrovius, R.R. Schrock, M.R. Churchill, J.R. Missert, W.J.
Youngs, J. Am. Chem. Soc. 102 (1980) 4515.

[36] M.R. Churchill, A.L. Rheingold, W.J. Youngs, R.R. Schrock, J.
Organomet. Chem. 204 (1981) C17.

[37] W.A. Nugent, J.M. Mayer, Metal-Ligand Multiple Bonds, Wiley,
New York, 1988.

[38] J.R.M. Kress, M.J.M. Russell, M.G. Wesolek, J.A. Osborn, J. Chem.
Soc., Chem. Commun. (1980) 431.

[39] J. Kress, M. Wesolek, J.-P. Le Ny, J.A. Osborn, J. Chem. Soc.,
Chem. Commun. (1981) 1039.

[40] J. Kress, M. Wesolek, J.A. Osborn, J. Chem. Soc., Chem. Commun.
(1982) 514.

[41] J. Kress, A. Aguero, J.A. Osborn, J. Mol. Catal. 36 (1986) 1.

[42] M.T. Youinou, J. Kress, J. Fischer, A. Aguero, J.A. Osborn, J. Am.
Chem. Soc. 110 (1988) 1488.

[43] J.L. Couturier, C. Paillet, M. Leconte, J.-M. Basset, K. Weiss, Angew.
Chem. Int. Ed. 31 (1992) 628.

[44] F. Lefebvre, M. Leconte, S. Pagano, A. Mutch, J.-M. Basset, Poly-
hedron 14 (1995) 3209.

[45] J.H. Wengrovius, J. Sancho, R.R. Schrock, J. Am. Chem. Soc. 103
(1981) 3932.

RR. Schrock/ Journal of Molecular Catalysis A: Chemical 213 (2004) 21-30

[46] M.R. Churchill, J.W. Ziller, J.H. Freudenberger, R.R. Schrock,
Organometallics 3 (1984) 1554.

[47] J.H. Freudenberger, R.R. Schrock, M.R. Churchill, A.L. Rheingold,
J.W. Ziller, Organometallics 3 (1984) 1563.

[48] R.R. Schrock, Polyhedron 14 (1995) 3177.

[49] R.R. Schrock, Acc. Chem. Res. 19 (1986) 342.

[50] Reported at ISOM 1V, Belfast, 1981.

[51] S.F. Pedersen, R.R. Schrock, M.R. Churchill, H.J. Wasserman, J.
Am. Chem. Soc. 104 (1982) 6808.

[52] A. Furstner, G. Seidel, Angew. Chem. Int. Ed. 37 (1998) 1734.

[53] A. Flrstner, C. Mathes, C.W. Lehmann, J. Am. Chem. Soc. 121
(1999) 9453.

[54] U.H.F. Bunz, L. Kloppenburg, Angew. Chem. Int. Ed. 38 (1999) 478.

[55] A. Furstner, O. Guth, A. Rumbo, G. Seidel, J. Am. Chem. Soc. 121
(1999) 11108.

[56] A. Furstner, K. Grela, Angew. Chem. Int. Ed. 39 (2000) 1234.

[57] G. Brizius, N.G. Pschirer, W. Steffen, K. Stitzer, H.-C. zur Loye,
U.H.F. Bunz, J. Am. Chem. Soc. 122 (2000) 12435.

[58] Y.C. Tsai, P.L. Diaconescu, C.C. Cummins, Organometallics 19
(2000) 5260.

[59] W. Zhang, S. Kraft, J.S. Moore, J. Chem. Soc., Chem. Commun.
(2003) 832.

[60] R.R. Schrock, R. DePue, J. Feldman, C.J. Schaverien, J.C. Dewan,
A.H. Liu, J. Am. Chem. Soc. 110 (1988) 1423.

[61] C.J. Schaverien, J.C. Dewan, R.R. Schrock, J. Am. Chem. Soc. 108
(1986) 2771.

[62] J.S. Murdzek, R.R. Schrock, Organometallics 6 (1987) 1373.

[63] R.R. Schrock, J.S. Murdzek, G.C. Bazan, J. Robbins, M. DiMare,
M. O’'Regan, J. Am. Chem. Soc. 112 (1990) 3875.

[64] J. Feldman, R.R. Schrock, Prog. Inorg. Chem. 39 (1991) 1.

[65] R.R. Schrock, Chem. Rev. 101 (2001) 145.

[66] J.B. Alexander, D.S. La, D.R. Cefalo, A.H.oMeyda, R.R. Schrock,
J. Am. Chem. Soc. 120 (1998) 4041.

[67] J. Robbins, G.C. Bazan, J.S. Murdzek, M.B. O'Regan, R.R. Schrock,
Organometallics 10 (1991) 2902.

[68] R.R. Schrock, P.R. Sharp, J. Am. Chem. Soc. 100 (1978) 2389.

[69] R.R. Schrock, J.Y. Jamieson, S.J. Dolman, S.A. Miller, P.J. Boni-
tatebus Jr., A.H. dveyda, Organometallics 21 (2002) 409.

[70] W.C.P. Tsang, J.A. Jernelius, A.G. Cortez, G.S. Weatherhead, R.R.
Schrock, A.H. Hbveyda, J. Am. Chem. Soc. 125 (2003) 2652.

[71] K.C. Hultzsch, J.A. Jernelius, A.H.d¥eyda, R.R. Schrock, Angew.
Chem. Int. Ed. (2002) 589.

[72] W.C.P. Tsang, K.C. Hultzsch, J.B. Alexander, P.J. Bonitatebus Jr.,
R.R. Schrock, A.H. ldveyda, J. Am. Chem. Soc. 125 (2003) 2591.

[73] S.J. McLain, C.D. Wood, R.R. Schrock, J. Am. Chem. Soc. 101
(1979) 4558.

[74] W.C.P. Tsang, R.R. Schrock, A.H.oMeyda, Organometallics 20
(2001) 5658.

[75] W.E. Crowe, Z.J. Zhang, J. Am. Chem. Soc. 115 (1993) 10998.

[76] W.E. Crowe, D.R. Goldberg, J. Am. Chem. Soc. 117 (1995) 5162.

[77] W.E. Crowe, D.R. Goldberg, Z.J. Zhang, Tetrahedron Lett. 37 (1996)
2117.

[78] M. Duval-Lungulescu, unpublished results.

[79] S.J. McLain, J. Sancho, R.R. Schrock, J. Am. Chem. Soc. 101 (1979)
5451.

[80] S.J. McLain, J. Sancho, R.R. Schrock, J. Am. Chem. Soc. 102 (1980)
5610.

[81] R.R. Schrock, S.J. McLain, J. Sancho, Pure Appl. Chem. 52 (1980)
729.

[82] G.K. Yang, R.G. Bergman, Organometallics 4 (1985) 129.

[83] T.M. Trnka, R.H. Grubbs, Acc. Chem. Res. 34 (2001) 18.



	Recent advances in olefin metathesis by molybdenum and tungsten imido alkylidene complexes
	Introduction
	Recent studies
	Conclusions and future outlook
	Acknowledgements
	References


